12 Background: The few previous studies on resting-state EEG microstates in depressive patients suggest 13 altered temporal characteristics of microstates compared to those of healthy subjects. We tested 14 whether resting-state microstate temporal characteristics could capture large-scale brain network 15 dynamic activity relevant to depressive symptomatology. 16 Methods: To evaluate a possible relationship between the resting-state large-scale brain network 17 dynamics and depressive symptoms, we performed EEG microstate analysis in patients with moderate 18 to severe depression within bipolar affective disorder, depressive episode, and periodic depressive 19 disorder, and in healthy controls. 20
Introduction 30
Major depressive disorder (MDD) and bipolar disorder are among the most serious psychiatric 31 disorders with high prevalence and illness-related disability Eaton et al. 2012 ; 32 Cloutier et al., 2018) . Despite growing evidence for the spectrum concept of mood disorders (Angst et  33 al., 2018), and even with the advanced neuroimaging methods developed in recent years, the underlying 34 pathophysiological mechanisms of depression remain poorly understood. Evidence across resting-state 35 functional magnetic resonance (fMRI) studies consistently points to an impairment of large-scale 36 resting-state brain networks in MDD rather than a disruption of discrete brain regions (Gong and He, 37 2015; Iwabuchi et al., 2015; Kaiser et al.,2015; Peng et al.,2015) . Consistent with the neurobiological 38 model of depression (Mayberg et al., 1997) , numerous resting-state fMRI studies show decreased 39 frontal cortex function and increased limbic system function in patients with MDD (Fischer et al., 40 2016) . Functional abnormalities in large-scale brain networks include hypoconnectivity within the 41 frontoparietal network (Kaiser et al., 2015) and the reward circuitry, centered around the ventral 42 striatum (Satterthwaite et al., 2015) . Reduced functional connectivity in first-episode drug-naïve 43 patients with MDD was also recently reported between the frontoparietal and cingulo-opercular 44 networks (Wu et al., 2016) . Moreover, hyperconnectivity of the default mode network (Greicius et al., 45 2007) and amygdala hyperconnectivity with the affective salience network (Price and Drevets, 2010; 46 Hamilton et al., 2013) were shown to be characteristic features of depression. 47
In general, large-scale networks dynamically re-organize themselves on sub-second temporal scales to 48 enable efficient functioning (de Pasquale et al., 2017; Bressler and Menon, 2010) . Fast temporal 49 dynamics of large-scale neural networks, not accessible with the low temporal resolution of the fMRI 50 technique, can be investigated by analyzing the temporal characteristics of "EEG microstates" (Van 51
de Ville et al., 2010; Michel and Koenig, 2018) . Scalp EEG measures the electric potential generated 52 by the neuronal activity in the brain with a temporal resolution in the millisecond range. A sufficient 53 number of electrodes distributed over the scalp, i.e. high density-EEG (HD-EEG), allows for the 54 reconstruction of a scalp potential map representing the global brain activity (Michel and Murray, 55 2012) . Any change in the map topography reflects a change in the distribution and/or orientation of the 56 active sources in the brain (Lehmann, 1987 predictors of treatment response. Thus, the main goal of our study was to explore how resting-state 83 microstate dynamics are affected in depressive patients as compared to healthy individuals. We 84 hypothesized that patients with depression will show different microstate dynamics than healthy 85 controls in terms of the temporal characteristics of EEG microstates such as duration, coverage, and 86 occurrence. We also hypothesized that microstate dynamics will be related to the overall clinical 87 severity of depression. 88 2 Materials and Methods 89
Subjects 90
Data was collected from 19 depressive patients (Age in years: mean = 53.0, standard deviation = 9.8; 6 females) 91 and 19 healthy control (HC) subjects (Age in years: mean = 51.4, standard deviation = 9.1; 6 females). There 92 were no differences in gender and an independent sample t-test (t-value (df 36) = 0.45, p > 0.05) also showed 93 no significant difference in age between the two groups. the Clinical Global Impression (CGI) (Guy, 1976 ) tests were measured in patients to assess the severity of the 106 depressive episode. The status of depression was further described with lifetime count of depressive episodes. 107
Medication in 24 hours preceding the EEG examination was also recorded (see Table 1 ). This study 108 was carried out in accordance with the recommendations of Ethics Committee of University Hospital Brno 109 with written informed consent from all subjects. All subjects gave written informed consent in 110 accordance with the Declaration of Helsinki. The protocol was approved by the Ethics Committee of 111 University Hospital Brno, Czech Republic.
112

EEG recording and pre-processing 113
Subjects were sitting in a comfortable upright position in an electrically shielded room with dimmed 114 light. They were instructed to stay as calm as possible, to keep their eyes closed and to relax for 15 115 minutes. They were asked to stay awake. All participants were monitored by the cameras and in the 116 event of signs of nodding off or EEG signs of drowsiness detected by online visual inspection, the 117 recording was stopped. The EEG was recorded with a high density 128-channel system (EGI System 118 400; Electrical Geodesic Inc., OR, USA), a sampling rate of 1kHz, and Cz as acquisition reference. 119
Five minutes of the EEG data were selected based on visual assessment of the artifacts. The EEG was 120 band-pass filtered between 1 and 40 Hz. Subsequently, in order to remove ballistocardiogram and 121 oculo-motor artifacts, infomax-based Independent Component Analysis (Jung et al., 2000) was applied 122 to all but one or two channels rejected due to abundant artifacts. Only components related to 123 ballistocardiogram, saccadic eye movements, and eye blinking were removed based on the waveform, 124 topography, and time course of the component. The cleaned EEG recording was down-sampled to 125 125
Hz and the previously identified noisy channels were interpolated using a three-dimensional spherical 126 spline (Perrin et al., 1989) , and re-referenced to the average reference. For subsequent analyses, the 127 EEG data was reduced to 110 channels to remove muscular artifacts originating in the neck and face. 128
All the preprocessing steps were done using the freely available Cartool Software 3.70, programmed 129
by Denis Brunet Cartool (https://sites.google.com/site/cartoolcommunity/home) and MATLAB. 130
Microstate analysis 131
The microstate analysis (see Fig. 1 ) followed the standard procedure using k-means clustering method 132 to estimate the optimal set of topographies explaining the EEG signal ( 
Statistical analysis 159
To investigate group differences, independent t-tests were used for temporal parameters of each 160 microstate. Comparisons were corrected using the false discovery rate (FDR) method (Benjamini, 161 2010 microstate maps. We labeled these maps as A -D, in accordance with previous literature, and as E and 177 F (Fig. 2) . 178
The groups did not differ in any temporal parameter in any microstate. The results of Spearman's rank correlation revealed a positive association of the depression severity 185
with the presence of microstate A but not with the presence of other microstates. The occurrence of 186 microstate A significantly correlated with the MADRS scores (r = 0.70, p < 0.01; Figure 3 ), but not 187 with the CGI score (r = 0.40) or the number of episodes (r = 0.08). There were no significant 188 associations between the depression severity and the duration or coverage of microstate A (all absolute 189 r-values < 0.55). 190
The results of Spearman's rank correlation revealed a significant positive association between the 191 medication status and the presence of microstate E but not with the presence of other microstates. The 192 occurrence of microstate E significantly correlated with the intake of antidepressants, antipsychotics, 193
and mood stabilizers (r = 0.65, p < 0.01; Figure 4 ), but not with the intake of benzodiazepines (r = 194 0.20). There were no significant associations between the medication status and the duration or 195 coverage of microstate E (all absolute r-values < 0.45). 196
Discussion 197
In this report, the dynamics of resting-state large-scale brain network activity are depicted in the form 198 of functional EEG brain microstates. We demonstrated that microstate temporal dynamics are sensitive 199 to interindividual differences in depressive symptom severity in patients with moderate to severe 200 depression. Particularly, we showed that severity of depressive symptoms correlated with higher 201 occurrence of the microstate A. This finding suggests that microstate analysis-based neural markers 202 might represent a largely untapped resource for understanding the neurobiology of depression. The 203 present study is the first in a planned longitudinal study series with depressive patients recruited at the 204 University Hospital Brno that will help further investigate the microstate parameters as possible 205 predictors of treatment response to both medication and neurostimulation methods including the 206 electroconvulsive therapy. 207
Only three studies with inconsistent results examined microstate duration and occurrence in depressive 208 patients. While the earlier studies showed reduced duration and unchanged 209 occurrence (Ihl and Brinkmeyer, 1999) in depression, the more recent study reported longer duration 210 and lower occurrence of microstates in treatment-resistant depressed patients than in healthy subjects 211 (Atluri et al., 2018) . The authors suggested that the decreased occurrence and increased duration in 212 microstates could be linked to the neurotropic medications previously taken by patients resistant to 213 antidepressant treatment. Namely in the cited study, the between group differences were greater 214
following the seizure therapy. The authors hypothesized that the antidepressant exposure may have an 215 effect on global brain dynamics even in pharmaco-resistant patients. They further argue that 216 antidepressants and seizure therapy may modulate global brain dynamics in a similar manner, i.e. 217
decrease the occurrence and increase the duration of microstates. 218
In the current study, we found an increased microstate A occurrence with depression only as an effect 219 related to the symptom severity and not as a group difference. This finding is, however, consistent with 220 the previously reported lowering of microstate occurrence following seizure therapy that in fact might 221 represent a normalization of occurrence with successful treatment (Atluri et al., 2018) . 222
Due to fundamental differences in methodological approaches, it is difficult to compare our findings 223 with the three previous microstate studies on depression. , 2015) and was also suggested to be responsible for the abnormal 251 processing of negative mood and cognition in first-episode, drug-naïve patients with MDD (Zhong et  252 al., 2016). Our findings of positive associations of depressive symptoms with the occurrence of 253 microstate A that is related to temporal lobe activity are thus in line with these studies. 254
It has been shown that benzodiazepines and antipsychotics may modulate microstate dynamics 255 (Kinoshita et al., 1995) . Accordingly, we observed the effect of medication on the presence of 256 microstate E. The topography of this microstate strongly resembled one of the newly reported 257 microstates, the generators of which were identified in the dorsal anterior cingulate cortex, superior 258 and middle frontal gyri, and insula (Custo et al., 2017) . The cingulo-opercular network (CON), 259
comprising regions in the thalamus as well as frontal operculum/anterior insula and anterior cingulate 260 cortex, is considered to have a central role in sustaining alertness (Coste and Kleinschmidt, 2016) or 261 in general for maintaining perceptual readiness (Sadaghiani and D'Esposito, 2015) . An important role 262
in the pathophysiological mechanisms of depression was suggested for the CON, whose disrupted 263 functional connectivity was observed in first-episode drug-naïve patients with MDD (Wu et al., 2016) . 264
Our findings of association between the occurrence of microstate E and on-medication status might be 265 related to the pharmacological effect on the activity of structures constituting the CON. 266
In the current study, we decided to use the resting-state condition rather than employing any cognitive 267 task. Depression affects not only emotional and cognitive mental operations but also motivational 268 processes. Therefore, the task performance differences between patients and healthy controls may 269 relate to different levels of motivation rather than information processing per se. Using a resting-state 270 condition makes it possible to avoid some task-related confounds and makes the application of non-271 invasive neuroimaging techniques a powerful tool for measureing baseline brain activity (Gusnard and 272 Raichle, 2001 one medication in therapeutic doses, 3combination of medications with one in therapeutic doses, 320 4combination of medications with more than one in therapeutic doses 321 322 8
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